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Disclaimer
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employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.

This work was performed under the auspices of the U.S. Department of Energy by University of
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l. Description of Original Proposal

Introduction:

While chemically toxic and highly radioactive, Pu may be the most scientifically
interesting element in the periodic table. It's properties include the following: six
different phases, close to each other in energy and sensitive to variations of
temperature, pressure and chemistry; the face-centered-cubic phase (delta) is the least
dense; Pu expands when it solidifies from the melt; and it is clearly the nexus of the
actinide binary phase diagrams of the actinides. In a sense, it is the boundary between
the light (ostensibly delocalized 5f electrons) and heavy (ostensibly localized or
correlated 5f electrons) actinide elements, but this is an over-simplification. The
localized atomic 5f states are naturally correlated, but important regimes of correlated
electron states are conceivable as extended states on the delocalized side of the
possible Mott transition between conductive and insulating behavior. The proximity to
this crossover may be the driving force behind all these exotic properties. Pu remains
of immense scientific and technological importance and the advancement to a firm,
scientific understanding of the electronic structure of Pu and its compounds, mixtures,
alloys and solutions is a crucial issue. Moreover, while there are a number of ongoing
experimental efforts directed at determining the occupied (valence band, below the
Fermi Energy) electronic structure of Pu, there is essential no experimental data on the
unoccupied (conduction band, above the Fermi Energy) electronic structure of Pu.

Objective:

Our objective is to determine the conduction band (unoccupied) electronic structure of
Pu and other actinides (and possibly rare earths as well), in a phase specific fashion
and emphasizing bulk contributions. This is world-class science directed at issue that is
central to LLNL and DOE: Pu structure property relationships.

Conduction band (unoccupied) electronic structure is the missing link in studies
of Pu. nBIS is the best way to determine the unoccupied electronic structure.

As can be seen in Figure 1 (below), Bremstrahlung Isochromat Spectroscopy (BIS) can
provide a direct measure of the unoccupied electronic structure of actinides.
Unfortunately, this data only exists for Th and U, not Pu! Moreover, our studies of Pu
electronic structure are predicated upon measuring the conduction bands of bulk Pu in
a phase specific fashion. Because of the lack of single crystals of Pu, we will perform
our experiments in a nano-focusing fashion, allowing us to interrogate the micro-single-
crystalline structures in Pu polycrystalline samples. (We will return to this issue shortly.)
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Figure 1: The BIS and calculated electronic structure of Th and U

To get bulk sensitivity, we will follow the lead of e — :

Mo et al, who recently demonstrated with 2 hy=700eV
photoelectron spectroscopy that higher photon b: hv=500eV

. . ¢ k-averaged
energies are essential to the measurement of d hv<3108Y

e: Schramme et al. [14]

bulk properties. (See Figure 2, right.) Finally, o
y=ble

we plan to perform these investigations with a
nano-focussing spectrometer constructed of
off-the-shelf items.

Intensity {(arb. unit)

For additional reasons why the study of Pu
unoccupied electronic structure is important,
please see the attached letter from Andy
McMahan and John Moriarity (page 7).

Experimental Approach E-EfleV)
The central technique is BIS or high energy
Inverse Photoelectron Spectroscopy.

BIS is the high-energy variant of inverse
photoelectron spectroscopy (IPES: electron in,

FIG. 2. PES spectra taken with various Av, the largest of
which yields the greatest bulk sensitivity.

photon out), which is essentially the time reversal Sensitivity to the bulk V,0,

of photoelectron spectroscopy (photon in, electron quasiparticle peak increases
out), as illustrated in Figure 3. IPES can be used with increasing energy

to follow the dispersion of electronic states in Mo et al, PRL 90, 186403 (2003)]

ordered samples: an example of this is shown in
Figure 4. Owing to its low energies ( hv = 10 eV),
IPES is usually very band and surface sensitive.
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However, by working at higher energies, we will
sample preferentially for bulk Density of State
(DOS) properties, downgrading the impact of
surface effects, following a philosophy similar to
that of Mo et al, PRL 90, 186403 (2003), as
described above. Thus, from BIS, we would have
a direct measure of the conduction band or
unoccupied electronic structure of the bulk Pu.

Figure 4 (to the right):

IPES of Ag/Ge(111),
Knapp and Tobin, PRB 37, 8656 (1988).
O =Ge, + =Ag/lGe, @ =Ag

Using a Scanning Electron Microscope (SEM)
as the electron beam source in the BIS
process, we would be able to probe the single
crystalline micro-crystallites that are available
in polycrystalline samples. A major problem with
Pu: there are no large single crystals. An alternate
approach is to use microscopy to focus in on
single crystalline regions within polycrystalline
samples, performing spectroscopy on
microscopically small single crystals. This
approach was used to great success in our
previous work with a Transmission Electron
Microscope (TEM), as described in "The Failure of
Russell-Saunders Coupling in the 5f States of
Plutonium", by K.T. Moore, M.A. Wall, A.J.
Schwartz, B.W. Chung, D.K. Shuh, R.K. Schulze,
and J.G. Tobin, Phys. Rev. Lett. 90, 196404 (May
2003). Please note that there is no ambiguity
here about the phase. The electron diffraction
provides a direct and irrefutable indication of the
crystallinity of the micro-structure.

Figure 5 (to the right):

Polycrystalline Pu

Upper: TEM-Microscopy

Lower: Phase Specific Electron Diffraction
Moore et al, PRL 2003.
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Technical Description:

We will perform in house experiments with off-the-shelf instrumentation. By setting up
as an in house experiment in Bldg 235, we can take advantage of the Pu preparation
and handing capabilities therein, i.e. Mark Wall and all of his expertise. We can buy a
slightly used SEM to function as the focused electron source. The photon detection will
be a commercially available soft x-ray spectrometer, from one of a series of companies
that provide monochromators and detectors to synchrotron radiation users.

SOFT X-RAY EMISSION SPECTROMETER
SCIENTA XES 300

JEOL JSM 6400
Digitial Image SEM
-3 tio

n
n up 300,000X, acceleration
40KV

$59,000

Figure 6:
SEM (above,left panel) and X-ray Emission Spectrometer (XES) (above,right panel)

We will begin our studies using Rare Earths such as Ce and the less radioactive
actinides such as depleted Uranium. Ce, the Rare Earth analogue of Pu, has a similar
multi-phase electronic structure controversy. The first phase specific spectra of Ce
have been recently reported by Moore et al [K.T. Moore, B.W. Chung, S.A. Morton, A.J.
Schwartz, J.G. Tobin, S. Lazar, F.D. Tichelaar, H.W. Zandbergen, P. Soderlind, and G.
van der Laan, "Changes in the electronic structure of cerium due to variations in close
packing," Phys. Rev. B 69, 193104 (2004)]: will we build upon that and use the Ce
study to prepare us for the more difficult case of Pu.

Science Impact:

We will resolve 4f and 5f Electronic Structure s
issue by comparing directly our results to the 08 |
predictions of Dynamical Mean Field Theory
(DMFT) such as that of Pu by Savrosov et al
[Nature 410, 793 (2001)] and Ce by Held, i
McMahan and Scarlettar [PRL 87, 276404

(2001)] e /\//\&

Afan)

Figure 7 (to the right): o //\&
Ce data from Held, McMahan and Scarlettar: 02 o~ N 1
Test for the f' (v = 0 eV) and £ (w = 3 eV) final e / \ ]
state features in the nBIS spectra. i LN

0'0-6‘0 ‘-3.0 o.ol '3.0' ‘6.0 '9‘0
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Technology Impact & Exit

We will provide the following:

(1)Validation of Pu Equation of State (EOS) Theories;
(2)Benchmarking of modeling for science-based stockpile stewardship;

(3) a strengthening of Pu Science within the Strategic Planning Theme Area
(MPPXC:Actinides);

(4) a contribution to the scientific infrastructure for programmatic work (after the LDRD
ends, this instrumentation becomes part of part of the CMS Center for Actinide Material
Science and Technology).

Why bother with BIS?
Why not just do EELS in the TEM?

There are two major reasons Spectroscopic Signature of Aging in Pu
First-BIS can measure the - "
Density of States, but neither
EELS nor XAS can do that.
Second-Sensitivity to aging.
BIS will be like RESPES, with

Aged 8-Pu

a sensitivity to the Resonant Photoemission shows a strong
- | g difference between young and aged Pu
unoccupled electronic samples. RESPES is sensitive to unoccupied
structure. So far, the only electronic structure, just like BIS.
spectroscopy that e —
demonstrates a sensitivity to (o ) (et crmne)
aging is RESPES! e S
EnpiySiSates . | Fr;r“ Ejededmcu‘naeweenevgy
Occupied 5f States —p ia Er
For more abOUt RESPES Of PU, see i 5d electron excited to empty state
BW Chung et al, J.Phys.Soc.Japan 75, 1 8felectron ils 54 w
5 (2006) and Tobin et al, PRB 68, Sd0ore v

Level

155109 (2003).

Figure 8
Proposal Summary

We will determine the conduction band (unoccupied) electronic structure of Pu and
other actinides (and possibly rare earths as well), in a phase specific fashion and
emphasizing bulk contributions. This is world-class science directed at issue that
is central to LLNL and DOE: Pu structure property relationships

Tobin,LLNL,CMLS Page 6 of 17 12/19/06
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Addendum:  Support outside of CMLS for the BIS approach.

’hxsics & Advanced

Interdepartmental Letterhead - Technologies

Mail Station: L-045
Ext: 2-7198 H DIVISION

Aug 6, 2003

TO: Jim Tobin
FROM: Andy McMahan, John Moriarty

SUBJECT: Brehmstrahlung Isochromatic Spectrometer

Equation of state in the implosion regime depends predominantly on the underlying
electronic structure. While spectroscopic techniques do not directly give equation of
state, they probe the electronic structure and can therefore constrain theoretical
treatments which do yield equation of state, and provide a clearer understanding of the
fundamental physics involved. In particular spectroscopic techniques can help sort out
and constrain a variety of important factors including normal itinerant banding effects,
Hubbard and spin-orbit splitting, and atomic-like term structure in the more localized
regimes.

There has been much recent Photoemission Spectroscopy (PES) activity for plutonium
which probes the occupied states, and issues of surface effects including both impurities
and reconstruction are in the process of being resolved. Unfortunately there has been
almost no work in recent years probing the unoccupied states with “inverse
photoemission” or Brehmstrahlung Isochromatic Spectroscopy (BIS).  This is
unfortunate since the addition of the empty state spectra more than doubles the impact
of the combined data, since its knowledge also constrains interpretation of the PES and
vice versa. There is no doubt that precise and reliable combined PES/BIS data for the
various phases of Pu will have both important scientific and programmatic impact.
Among issues that such data will help resolve is the degree of localization or itineracy in
the 5f electrons in a variety of Pu phases: pure a-Pu, the Ga-stabilized 6 phase, the pure
high-temperature d phase, and the other high-temperature phases (f, y, 8, and ¢).

In summary, we believe the development of a BIS capability at the Laboratory is
important, and should be supported.

Tobin,LLNL,CMLS Page 7 of 17 12/19/06
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1. Description Of Progress:

ACCOMPLISHMENT 1: Lab setup and SEM operational

An SEM was purchased and set up in Room 1210, B235. Room 1210 was modified to be
compatible with the incoming nBIS experiment. Below, one can see a micrograph taken
with the SEM of gold particles on graphite, in Room 1210, B235.

Figure 9

Martin Butterfield is shown
seated at the operational
SEM in Room 1210, B235

Figure 10

Micrograph of Au particles
on graphite, taken on the
operation SEM in Room
1210, B235.

Tobin,LLNL,CMLS Page 8 of 17 12/19/06
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ACCOMPLISHMENT 2: Integration of SEM and XES350

We had made substantial
progress in designing our
new UHV system for

housing the nBIS

experiment, combining
both the spatial resolution
of the SEM with the ultra
high vacuum necessary
for Pu experiments. An
array of vacuum pumps
and hardware had already

been purchased.

This design work was
done by Martin Butterfield
(Post-doc) and James
Gross (Summer Student),
under the guidance of

JGT.

Figure 11 (right)

Design of the new

vacuum vessel for UHV
work, optimized to match
with the extant SEM and
XES-350 instrumentation.

Tobin,LLNL,CMLS

Top View of nBIS chamber

Flange 2
*4.5 inch OD ConFlat
+6 inches from flange face to centerline
0N y axis
Flange 3 swindow mounted here
*4.5 inch OD ConFlat
+6 inches from flange face to centerline
+30 degrees off of x axis
«EDAX EBSD Detector and retractor
mounted here
*miminum distance from flange face of
EDAX to centerline is 8.2 inches

Flange 1

8 inch OD ConFlat

+11.2 inches from flange face to centerline
+30 degrees off of x axis

+XES 350 mounted here

Flange 4

+6 inch OD ConFlat

«6 inches from flange face to centerline
*on y axis

*sample manipulator mounted here

Side View of nBIS chamber

Flange 5

=10 inch OD ConFlat

+4 inches from flange face to center-plane
+Z axis

+SEM source mounted here

Flange 6

=10 inch OD ConFlat

4 inches from flange face to center-plane
*z axis

«Pumping manifold mounted here

Overall design

Page 9 of 17 12/19/06
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ACCOMPLISHMENT 3: XES350 On site and Operational

Figure 12

XES350 monochromatic
photon detection system
from Gamma Data
Scienta

The Monochromatic Photon Detection Is Functional.

The photon detection was to be performed with a commercially available soft x-ray
spectrometer, the XES350 that we had already purchased from Gammadata Scienta.
The 3 gratings for the XES350 give us an energy window of 50-1500 eV, thereby
allowing us to concentrate on bulk properties, but also compare and contrast with any
surface related features. Results of our preliminary testing of the XES-350 are shown
below. These spectra were collected on site in B235.

Zn Fluorescence Oxygen Fluorescence

6000 — 3000 —
5000 2500 —
4000 — 2000 —
3000 — 1500 —
2000 — 1000 —

1000 — 500 -

T I T T T T T T
900 1000 1100 1200 500 520 540 560

Photon Energy (eV) Photon Energy (eV)
Figure 13
Electron stimulated fluorescence, using an electron excitation beam energy of 3000 eV.

(Left) Zn 2p doublet . (Right) O1s. Data collected on site in B235.

Tobin,LLNL,CMLS Page 10 of 17 12/19/06
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ACCOMPLISHMENT 4: Safety Plan Development and Approval

IWS Summary:

i —

omp Date:

n-Going

1tle:

Installing and testing of SEM and -y spectrometer

Description:

Authorizing Organization:

Installation, troubleshooting and testing of a scanming electron microscope (SEM) and X-ray
Spectrometer for nancecale Brehmstrahlung Isochromat Spectroscopy experiments. No hazardous or
ioactive waste will be generated under this IWS. Uked wipers are evaluated at end of process,
dry, and are disposed in the municipal trash.

uthorizing Individual:

AD - Chemistry ard Matenials Science

CDOWSKI, TAMMY S

Responsible Individual:

ubmitter:

BUTITERFIELD, MARTIN T

[ OGRANDE, RCEERTA M

Concurrence Statuses:

. ing « . Add Con Add Con
II_D: Fac/Wing + Roam ¢+ Team | ES&H FaC Loe Rl WS AT
LLNL Facility « 235 « 1210 & & o & o’ 9
E S&H Team 5 CONCUR | CONCUR | N/A |CONCUR | CONCUR AUTHORIZED
4-APR-05 28-APR-05 14-APR-05 28-APR-05 13-MAY-05
r Simpson Becket Batterfield Wdl Gdowski
Figure 14  Approved IWS
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1
IWS Summary: L hae |
#: : nt Start Date: omp Date:
13042 rl - - n-Going

1tle:

Testing of Photoemission chamber for Brehmstralung Isochromat Spectroscopy (BI 8) Experiments
Description:

Assemble and check-out vacuum system and supporting mechanical systems; Testing of components
for BI S experiments will be carried out in a vacuum chamber in B235 R1210 using an electron gun.
This will involwve testing an analyzer purchased from Gammedata Scienta, using an electron gun as
an excitation sowrce, ard also Photoelectron Spectroscopy, samyple preparation by sputtenng,
instrument development and other related activities. Sample materials used wdll be transition

etals (copper and nickel) and rare earth {(Cerium).

uthorizing Organization: uthorizing Individual:
AD - Chemistry ard Materals Science ELOEAILM, KERKI JAYTNE M
Responsible Individual: ubmitter:
EUTIERFIELD, MARTIN T EUTTERFIELD, MARTIN T
Concurrence Statuses:
Loc + Fac/Wing » Room + Team| ES&H | FAC Lﬂ‘iﬂ‘l R I‘dﬂcml

LLINL Faeility » 235 1210 ¢ cogm cogm ‘ CONCUR NfA U'I'HgIZED

EScd] Teaul 3 09-DEC-05 12-1 AN-06 2-NOV-05 17-JAN-06
Simpson I1 C ooper Butterfidd Elobaum

Figure 15 Approved IWS
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IWS Summary:

| HELP |
%’#: AL: n ate: omp Date:
.01 - -

n-Going
itle:

Testing of Photoemission chamber for Brehmstralung Isochromat Spectroscopy (BI S) Experiments
Description:

Assemble and check-out vacuum system and supporting mechanical systems; Testing of components
for BI S experiments will be carried out in a vacuum chamber in B235 R 1210 wsing an electron gun.
This will involve testing an analyzer purchased from Gammedata Scienta, using an electron gun as
an excitation source, ard also Photoelectron Spectroscopy, samyple prepamtion by sputtering,
instrument development and other related activities. Sample materials used will be transition

efals (copper and nickel) and rare earth (Cerium).

uthorizing Organization: uthorizing Individual:
AD - Chemistry ard Materials Science ELOBALM, KERFI JAYNE M
Responsible Individual: ubmitter:
BUTTERFIELD, MARTIN T EUTTERFIELD, MARTIN T

Concurrence Statuses:

Loc » Fac/Wing » Room+ Team | ES&H | Fac [4ddCo| g rdlsvghll Al

Loc
LLINL-Facility ¢« 235« 1210 « ‘ ‘ ‘ ‘ ‘ ‘
ES&H Team 5 CONCUR | CONCUR N/A CONCUR N/A UTHORIZED
26-TAN-06 03-FEB-06 30-TAN-08 03-FEB-08
Simpson Cooper Butterfidd Elobanm

Figure 16 Approved IWS

Tobin,LLNL,CMLS Page 13 of 17 12/19/06



nBIS LDRD Final Report, December 2006
LDRD Tracking Code: 04-ERD-105

UNCLASSIFIED

IWS Summary:

nt start Date:

% EAL:

st Comp Date:

n-;oing

itle:

Testing of Photoemission chamber for Brehmstralung Isochromat Spectroscopy (BI 8) Experiments

Description:

arth (Cenum).

Assemble and check-out vacuum system and supporting mecharnical systems; Testing of components
or BI S experiments will be carried out in a vacuum chamber in B235 R 1226 using an electron gun.
is will involwe testing an analyzer purchased from Gammedata Scienta, using an electron gun as
excitation source to carry out Bremstrahlung Isochromat Spectroscopy experiments, and also
hotoelectron Spectroscopy, sample preparation by sputtering, instnument dewelopment and otler
lated activities. Sample materials used will be transition metals (copper and nickel) and rare

Authorizing Orgamzation:

Authorizing Indismadual:

Chemistry, Matenials, & Life Sciences Directorate

ELCEAUM KERRI JAYINE M

Responsible Individual:

Submitter:

BUTTERFIELD, MARTIN T

CDOWSKI, TAMMY S

IConcurrence atatuses:

. dd Con Add Con
Loc + Fac/Wing + Room+ Team | ES&H FAC Loc R WS Al
ELNL-Se o 2 = 12108 COgUR COgUR g. CO:UR bﬁ IAUTHgIZED
ES&H Team 2 08-SEP-06 02-SEP-06 D3-SEP-06 11-SEP-06
Simpson C ooper Butterfield EBlobaum
LLNL-Facility ¢ 235 ¢ 1226 ¢ COgUR cogUR g‘
BB Teau & 08- SEP-06 03-SEP-06
Simpson C ooper
Figure 17 Approved IWS
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IWS Summary: L he |

: nt dtart Date: st Comp Date:
C 1-MAR-06 |On- Going

Fiﬂe:
MEIS of Puand the Actinides
Description:

Bremstrahlung Isochromat Spectroscopy (nEl S) Investigations of materials such as Pu U, Th

their alloys, compownds and solutions will be carried out in Room 1210 in B235, under LLNL,
CE and UC Gudelines. This ircludes spectroscopy data collection such as inwerse and direct
hotoelectron spectroscopy, ®-Tay absorption spectrocscopy ete, sample preparation, instrumernt
development and other related activities. For non-radioactive samples, we hawe in place [WS
11025, Sample handling and preparation at LLINL will be camied out by Mark Wall wnder IWS
10429 using the type III radiclogical workplace inBulding 235, The samples prepared in this
workplace will be transported directly to Room 1210, and when samples are retumed to Mark Wall,

v may only be unpackaged in a type III radiclogical workplace. No hazardow or radicactive
te is expected to be geremated

uthorizing Organization: Authorizing Individual:
Chemistry, Materials, & Life Sciences Directorate BLCBAUM KERKI JAYNE M
Responsible Individual: Submitter:

TOHN, JAMES G

TCEIN JAMES G

Concurrence Statuses:

Loc » Fac/Wing » Roome+ Team | ES&H |FAC Mfm‘:hl RI Mlaghl Al
e e A DlgFT g; gx DgFT gx DlgFT
ES&H Team 5 13-JUN-05 13-JUN-05 13-TUN-05
Simpson Tobin Elobaum

Figure 18  Draft IWS for Radioactive Samples
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V. International recognition: Publications and talks

Publications in print: Conference Proceedings

e J.G. Tobin, M.T. Butterfield, N.E. Teslich Jr., R.A. Bliss, M.A. Wall, A.K. McMahan, B.W.
Chung and A.J. Schwartz, “Using Nano-focussed Bremstrahlung Isochromat Spectroscopy
(nBIS) to Determine the Unoccupied Electronic Structure of Pu,” in “Recent Advances in
Actinide Science,” Royal Society of Chemistry, ed. R. Alvarez, N.D. Bryan and |. May, page
773 (2006).
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IV. Future Plans

It is important that we
find some way to
continue the nBIS or BIS
experiment.

BIS and the unoccupied
states may be the key to
differentiating between
the many different
theories of Pu electronic
structure. (Figure 19)

BIS may provide the last
piece of the puzzle in
our ongoing effort to
resolve the Pu electronic
structure controversy.
We have had some
success in the past, as
illustrated in Figure 20.
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A comparison of the predictions of the unoccupied
electronic structure of Pu, from a number of different
theoretical approaches is shown here. Many of the
theoretical predictions are significantly different.
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Sixty years after its discovery, the mystery of the electronic structure of i
Pu is finally being resolved. In a series of experiments and linked
theoretical modeling, the range of possible solutions for Pu electronic

structure has been dramatically red

uced.
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